The dispersion behaviour of the various individual parts making up a flow-injection manifold is often difficult to establish because it is virtually impossible to obtain the required very small injection and detection volumes. It is shown that it is possible, under suitable experimental conditions, to find the impulse/response function of each component by means of a deconvolution process of the response curves obtained with and without the part concerned. Once all the impulse/response functions have been established, the response function of any arrangement can be predicted by convoluting the impulse/response functions of all the individual parts involved. Convolution and deconvolution were done in the Fourier domain, by using a fast FT algorithm.
Many publications can be found in the literature dealing with theoretical aspects of sample dispersion in flow-injection systems. However, attention has been focussed almost exclusively on reaction/transport lines, e.g., straight tubes, coiled tubes, packed-bed reactors and single-bead-string reactors [l-6] . Although under certain simplifying conditions, analytical solutions of the general dispersion equation can be found, the approximations introduced in the derivations greatly restrict the usefulness of such solutions. This is the more serious because the initial and boundary conditions introduced do not conform, in general, to the experimental conditions normally prevailing in flowinjection analysis (FIA). Therefore, it has been suggested that analytical expressions for relevant parameters should be derived from numerical solutions of the diffusion-convection equation. This approach was first applied to FIA by Vanderslice et al. [ 71. However, even straight tubes present great problems, and it is almost impossible to handle the situation for other component parts of the manifold such as mixing tees, connectors, membrane modules, etc. For this reason, it is proposed here to use an experimental approach and to evaluate the impulse/response functions of all individual component parts. Once these functions are known, the final result to be expected for any arrangement in FIA can be calculated by a mathematical convolution procedure.
Another important application of impulse/response functions is their use in testing the performance of the individual components and so in the process of optimizing their construction. Normally, such impulse/response functions are determined by so-called "delta" injections (injection during an infinitesimally short period of time or injection of an infinitesimally small volume). On the FIA scale, this is virtually impossible and one has to accept a finite, but generally not exactly known, injection function. It will be shown that in that case the impulse/response function can be calculated by a deconvolution procedure, which is the inverse of convolution.
THEORY
The sample plug introduced in a flow-injection system can be characterized by means of an injection function I(r,t). Because the concentration in the sample plug can normally be considered to be initially homogeneous over the cross-section (with radius r), this function simplifies to I(t). If this sample plug is transported through a line to a detector, the function for the longitudinal dispersion of the sample entering the measuring cell, M(t), can be described as the convolute of the injection function and the dispersion function of the transport line, h(t), which is often called the impulse/response function. This convolution process is mathematically denoted here by the symbol * . So, M(t) = I(t) * h(t). The reverse process, called deconvolution, will be denoted in the present text by the symbol //, e.g., h(t) = M(t)//l(t).
The detector itself can also be characterized by an impulse/response function, d(t), which gives the relation between the detector input and the output function, 0 (t).
Thus, 0 (t ) = I(t) *h (t ) *d(t). If there are many elements contributing to the dispersion of the sample, the final output function is obtained by multiple convolution:
O(t) = I(t)*h,(t)*h,(t)*h,(t)...*h,(t)*d(t) (1)
It is important to note here that the solutions entering a consecutive dispersing element are assumed to be homogeneously mixed again in the radial direction, otherwise a parameter indicating the spatial distribution has to be included as well. This assumption is crucial in the following discussion, because it allows the order of convolution of the individual elements to be altered. Accordingly, measures have to be taken in the experimental stage to ensure this cross-sectional homogeneity. The impulse/response function of an individual element can be determined in the following way. In Fig. 1 , a sample plug is introduced at the lefthand side and transported to the detector at the righthand side. The transport line is assumed to consist of two parts with impulse/response functions hl (t) and h2 (t), respectively. The output function can then be described by
f(t) = O(t) = I(t)*h,(t)*h,(t)*d(t) (2)
't h2 (t) ; hl (t) ,/,/ If a new element is inserted between the two parts of the line and the impulse/ response function of this element is h3 (t), then the new output function, 0' (t ) , is represented by
Because the order of convolution can be altered without affecting the result, Eqn. (3) can be rewritten as
Thus the impulse/response function of the inserted element can be obtained by deconvolution of the two output functions obtained with and without this extra element, which eliminates the need for any knowledge of the functions I(t), h,(t) and b(t) individually:
The mathematical processes of convolution and deconvolution must be done numerically. Therefore, the "input function", f( t ) , and the "output" function, g(t), have to be sampled at discrete intervals f(i) and g(i), respectively. The most straightforward procedure for convolution is direct calculation:
For deconvolution, the successive values can be calculated by the following scheme:
Other possible procedures are based on transformation techniques, such as the Laplace transform, Z-transform, and Fourier transform. An advantage of these transforms is that in the new domain, convolution is replaced by multiplication, while deconvolution corresponds to dividing the two transformed functions. Neither the numerical forward transformation, nor the subsequent division of the two discretized and transformed output functions present great mathematical problems and so, in principle, this approach is very attractive.
The problem with the Laplace transform and Z-transform is, however, to achieve the inverse transformation back to the time domain. Although computer programs for the inverse transformation from the Laplace domain to the time domain are available, they are complicated [8] and require much computing capacity. If one is interested only in some characteristic values of a function such as the zero, first and second statistical moment (i.e., the area, the mean and the variance of the function, respectively), the back-transformation is not necessary, because the information needed can be obtained directly from the Laplace domain, as has been shown by van der Laan [9] (cf.
[ 31). The Z-transform, which can be considered as a kind of discretized Laplace transform, has the same drawback and is not considered further in this paper. For these reasons, attention was focussed on the possibilities of the Fourier transform, which provides a frequency-domain analysis of time-dependent signals. Very fast and efficient algorithms are now available for this transformation (fast Fourier transform, FFT, algorithms), which are easily run even on a microcomputer. As in the case of the Laplace transform, convolution in the time domain is replaced by multiplication in the Fourier domain, and deconvolution by division [lo] . A further advantage of using the frequency domain is that the contribution of noise can easily be reduced by omitting the higher frequencies. Because a very abrupt truncation of the frequencies considered can lead, on back-transformation, to so-called side-lobes in the time domain, a more gradual truncation is often chosen. The information about the peak shape in the time domain is included in the values of the amplitudes or Fourier coefficients in the frequency domain. This can be visualized either in Nyquist plots where the real part of the coefficient is plotted against the imaginary part or in Bode plots where the amplitudes are plotted against the corresponding frequency.
EXPERIMENTAL
All chemicals used were of analytical-reagent grade. A dye stock solution was prepared by dissolving 0.400 g of bromothymol blue in 25 ml of ethanol and diluting to 100 ml with 0.01 M sodium tetraborate. Sample solutions were prepared by a loo-fold dilution of this stock solution with 0.01 M sodium tetraborate. The carrier solution was 2 x 10m3 M sodium tetraborate.
The manifold used is outlined in Fig 2. The peristaltic pump was a Gilson Minipuls-2. Polyethylene tubing was used. The injection valve was of the rotary type (Rheodyne) and was controlled by the computer. The injection volume was about 100 ~1. Tubes (1.2 mm i.d., 30 mm long) packed with glass beads (diameter between 0.65 and 0.9 mm) were used to achieve radial mixing wherever required, i.e., at the entrance to each element. The detector was a Zeiss PMQ-III variable-wavelength photometer equipped with an 80-~1 cell (Helma). An Apple IIe computer was used for controlling the experiments and Response curves for the system with and without each module were measured at a constant pumping rate of 1.8 ml min-' unless otherwise stated. Six different mixing T-pieces (Fig. 3 ) were tested. In order to make the flow rates for the samples passing the detector mutually comparable in the case of investigating the mixing T-pieces, the pumping rate used for measuring the input function was twice the pumping rate for measuring the response curve after insertion of the T-piece. been divided, the Bode and Nyquist plots have the forms shown in Fig. 5 . The values at higher frequencies are very unreliable, because they are the result of dividing two very small values each corrupted by noise. These values should therefore be omitted. Initially, only the first 16 frequencies were used in the back-transformation, which in fact corresponds to the use of a rectangular filter, but this leads to the appearance of spurious side-lobes (Fig. 6a) . Consequently, a weighting function (filter) was chosen in such a way that the first five frequencies, which mainly determine the shape of the function in the time domain, are left unaffected whereas the amplitudes of the subsequent frequencies are reduced according to a logarithmically decreasing weighting function.
As can be seen from Fig. 6 (b ) , the general shape of the curve is not affected by this type of filtering but the spurious lobes have disappeared. In general, the choice of the filter is a matter of trial and error; a study of the optimal shape of the filter is in progress. Figure 7 shows the impulse/response functions of the three coiled tubes and the knitted tube. It can be seen that in all cases a small second peak appears after the major peak. This second peak cannot be attributed to the mathematical procedure, so it is not a computational artefact but has really to do with some physical phenomenon. This was also proved by an independent curve-fitting procedure. When the output curves were fitted to a tanks-in-series model, the curve obtained without the extra coil gave a good fit to the equation
where n is the number of tanks, and 7 is the residence time in one tank. However, when an attempt was made to fit the output curves of the system provided with the extra coil to the same simple model, no acceptable fit could be obtained, but a good fit was obtained with the following model:
when n, x 3, n2 z 5 and ax 0.6. This means that the dispersion behaviour in the .coil can be described by two parallel tanks-in-series models with different numbers of tanks and so a different hold-up time. The experiment was repeated at various flow rates. It was found that the peak maxima of the two peaks appearing in the impulse/response functions are linearly dependent on the inverse flow rate; but the most interesting fact is that the first peak shifts at half the speed of the second peak, i.e., 7x L/2U and L/V; respectively, where L is the coil length and 8 is the mean flow rate. This suggests that the major, faster peak can be attributed to more convective behaviour, whereas diffusion is involved in the case of the second, slower and smaller, peak. Hitherto, such double humped peaks have only been observed under very strictly laminar flow conditions with a very small injection volume and a detector with a small effective volume [ 31. In more usual arrangements, with larger injection and detector volumes, this dispersion effect is not observed and is apparently obscured by the convoluting properties of the various components of the system. Although a study of the theoretical aspects of dispersion behaviour was not the aim of the present work, this example illustrates the power of the straightforward method proposed here for the determination of the impulse/response function. From Fig. 7 , it is obvious that the "knitted" reactor provides the best performance with respect to reduction of dispersion when compared to the various coiled tubes. As for the various T-pieces, little mutual difference was found with respect to dispersion. The extra bends in the T-pieces shown in Fig. 3 (c,  d, f) did not produce any improvement and led only to a slightly longer residence time. In fact, the T-piece (a), which is the easiest to manufacture, appeared to be slightly preferable. To show that the procedure described above can also be used for the prediction of response curves of more complex systems, the impulse/response curves of two coils and the input function obtained without any coil were convoluted. As can be seen from Fig. 8 , there is fairly good agreement between the calculated and experimental curves.
Conclusions
It has been shown that it is possible to determine the impulse/response function of individual parts of flow-injection systems by a mathematical deconvolution procedure. Based on such curves, an unbiased choice can be made as to which part out of a series of similar parts exhibits the best performance. Furthermore, the result of any arrangement of modules can be predicted once each part has been characterized. Work on the characterization of modules such as membrane modules for gas diffusion is in progress.
